This paper is both a review and a study. It discusses the taxonomic status of Yellow Archangel (Galeobdolon luteum Huds.) from historical and contemporary perspectives, and gives a comprehensive list of synonyms for the discussed genera, species and lower taxonomic units, including their publication details. In the study it is postulated that G. luteum should be included in the genus Lamium. The hypothesis is verified by a comparative analysis between the representatives of the genera Galeobdolon and Lamium in four DNA regions: ITS, accD, rpoC1 and trnH-psbA. The analysis supported the determination of phylogenetic relationships among the studied taxa: G. luteum is not genetically distant enough from Lamium to be considered a separate genus, and integration of Galeobdolon and Lamium is legitimate.
INTRODUCTION
Plant taxonomy, one of the oldest biological disciplines, is a relevant and important science (Sivarajan and Robson, 1991) which continues to develop. Taxonomic methods have undergone considerable change through the centuries. In the past, taxonomy was based mainly on plant morphology and anatomy; experimental results play a more important role in contemporary research (Stace, 1991) . The horizons of taxonomy have considerably expanded over the years. The role of taxonomists is no longer reduced to that of plant identifiers. Contemporary taxonomy also deals with the origin and evolution of variation in organisms, the breeding behavior of populations, and structural and functional details (Sivarajan and Robson, 1991) . Recent advances in taxonomy point to the need for continued updating of the plant classification system to maximize its conformity with plant phylogeny.
Changes in systematics inevitably lead to changes in nomenclature, resulting in the presence of synonymous names in the scientific literature. One of the many species subject to taxonomic debate is Galeobdolon luteum (Yellow Archangel) . It is a fairly widespread taxon which occurs naturally in most parts of Europe and the Caucasian region of Asia (Ball, 1972; Hulten and Fries, 1986) and is frequently described in botanical literature. Researchers continue to argue its taxonomic status, which is why the species appears under a variety of names.
This paper discusses the taxonomic status of G. luteum. We broadly review the literature to set out the research problem and the approaches of different taxonomists. We also present the results of our own research aimed at verifying a proposal to include G. luteum in the genus Lamium as a species of dead-nettle. To test it we made a comparative analysis of representatives of the genera Galeobdolon and Lamium. The results supported our determination of the phylogenetic relationships among the studied taxa.
HISTORY OF YELLOW ARCHANGEL'S NOMENCLATURE
Yellow Archangel is described under a variety of synonymous names due to the long history of its nomenclature and frequent changes in taxonomic approaches over the centuries. (Mirek et al., 2002) , the name Galeobdolon luteum will be used in this study. The multitude of generic names means an even greater number of species synonyms. Those synonyms are listed alphabetically in Table 2 . In addition to nominative subspecies, three other subspecies are generally distinguished within G. luteum: argentatum, flavidum and montanum. Subspecies montanum was first described in the late 18th century (originally erroneously identified as a species of the genus Cardiaca). Subspecies argentatum and flavidum were defined as separate taxa only in the 20th century. An alphabetical list of synonyms under which the discussed subspecies appear in the literature is given in Table 3 .
CONTEMPORARY TAXONOMIC APPROACH
There is still no consensus about the taxonomic rank and consequently the correct name of Yellow Archangel. Taxonomists have taken two opposing approaches. The first places Yellow Archangel in its own genus. Some taxonomists apply the genus name Lamiastrum (Polatschek, 1966; Ball, 1972; Rutkowski, 2011; Sheen et al., 2010) , consistent (McNeill et al., 2006) . However, Galeobdolon is still used as a generic name in many significant publications from Central Europe (Sychowa, 1967; Gladokova, 1978; Szafer et al., 1986; Dvoøáková, 2000; Mirek et al., 2002; Rothmaler, 2007) . The second approach includes Yellow Archangel in the genus Lamium as a species of dead-nettle (Mennema, 1989; Rosenbaumová et al., 2004; Castroviejo et al., 2010; Czarna and Bednorz, 2011; Govaerts et al., 2010) .
A detailed taxonomic analysis of Yellow Archangel focuses on its affiliation to the genus and the choice of the correct name, but also involves identification of lower taxonomic units. As also in many historical studies, contemporary researchers generally distinguish four subspecies within G. luteum. In the list of synonyms given above, the terms argentatum, flavidum and montanum denote both subspecies and varieties, but more recent taxonomic approaches prefer subspecies to variety (Rutkowski, 2011; Dvoøáková, 2000; Mirek et al., 2002; Govaerts et al., 2010) . Some authors have even proposed to raise those taxa to species rank (Dvoøáková, 2000; Rosenbaumová et al., 2004; Castroviejo et al., 2010) .
Individual subspecies of G. luteum (or species within the genus Galeobdolon) are identified on the basis of morphological features, both quantitative and qualitative, which have been listed in detail by Dvoøáková (2000) and Rosenbaumová et al. (2004) . To illustrate, bract characteristics and maximum number of flowers were selected as quantitative features with the highest discriminant power to distinguish subsp. galeobdolon from subsp. montanum (Rosenbaumová et al., 2004) . In the case of subsp. argentatum, a key distinguishing feature is the year-long presence of leaves and bracts (excluding the uppermost) with a distinct silvery pattern (two bands along the midrib) (Dvoøáková, 2000) . Other significant features include the size of flowers and nutlets as well as bract shape (Dvoøáková, 2000; Rosenbaumová et al., 2004) . Recent SEM observations of the nutlet surface gave new diagnostic features. That study demonstrated that epidermal cell shape and cell wall ornamentation are distinctive features of the examined taxa. The most distinctive nutlets turned out to be those of G. luteum subsp. montanum. Nutlets of subsp. argentatum and subsp. luteum were also easy to distinguish on the basis of sculpture (Czarna and Bednorz, 2011) . Chromosome number is yet another diagnostic character for the species. The chromosome number for subsp. galeobdolon and flavidum is 2n=18, and for subsp. argentatum and montanum 2n=36. A double number of chromosomes in the latter two subspecies points to their hybrid or allotetraploid origin (Bendiksby et al., 2011b) . However, clear arguments to support separation as species have not been presented to date.
The names Galeobdolon endtmanii or, depending on the taxonomic approach, L. galeobdolon subsp. endtmanii or Lamium endtmanii, are also found in literature. Karyological and morphometric research suggests that the plants attributed to this taxon do not merit any separate taxonomic rank and should be merged with G. luteum subsp. montanum (Rosenbaumová et al., 2004) . This suggestion is also supported by ultrastructural analyses of nutlet surfaces that did not reveal any diagnostic features distinguishing G. endtmanii from G. luteum subspecies (Czarna and Bednorz, 2011) .
MATERIALS AND METHODS
PLANT MATERIAL AND DNA EXTRACTION Our study included 15 taxa: four subspecies of Galeobdolon luteum, 10 taxa representing the genus Lamium, and Glechoma hederacea as outgroup. Altogether 29 individuals were examined, some of them collected during field research and some taken from herbarium collections (Appendix 1). Total genomic DNA was extracted from plant material. Leaves were grated in a Mini-Beadbeater-1 tissue disruptor and then treated with the Genomic Mini AX Plant SPIN kit (A&A Biotechnology) following the manufacturer's protocols.
AMPLIFICATION AND SEQUENCING
Chloroplast genome analysis provides valuable data for phylogenetic reconstruction in plants (Baldwin, 1992) , but as demonstrated by a number of authors, using only cpDNA sequences to verify the relationships among species may result in significant errors due to introgression or hybridization events (Rieseberg and Soltis, 1991; Doyle, 1992) . The results from cpDNA and nuclear DNA analyses should be compared to eliminate this problem (Baldwin, 1992) . We analyzed the sequential variation of four different DNA markers representing two genomes. Three of them represent the plastid genome (accD, rpoC1, trnH-psbA) and the internal transcribed spacer (ITS) is a nuclear DNA marker. Two of the analyzed sequences are coding sequences: accD encodes the beta-carboxyl transferase subunit of acetyl-CoA and rpoC1 encodes the β' subunit of chloroplast DNA-dependent RNA polymerase (PEP). The third plastid region, trnH-psbA, is a noncoding intergenic spacer. The internal transcribed spacer refers to two regions of the nuclear genome separating 18S, 5.8S, and 26S rRNA genes. Although ITS does not code any protein, research showed that it plays an important role in cleaving the rRNA genes from the transcript of the whole ITS/rRNA region (Baldwin, 1992) . All these regions are candidate DNA barcodes for plants. They are a valuable tool in phylogenetic studies on bryophytes and vascular plants.
The DNA fragments were amplified in a 20 μl volume containing 20 mM (NH 4 )SO 4 , 50 mM Tris-HCl (pH 9.0 at 25°C), 1.5 mM MgCl 2 , 1 μl BSA, 200 μM of each dNTP, 1.0 μM of each primer, one unit of TFL polymerase (Epicentre) and 10-20 ng DNA template. The reactions were performed under the following conditions: 5 min initial denaturation at 94°C; 45 s denaturation at 94°C (40 times); annealing -50 s at 52°C for trnH-psbA, 55°C for rpoC1, 56°C for accD, 58°C for ITS (40 times); 1.5 min elongation at 72°C (40 times); 7 min final elongation at 72°C. Finally the amplification products were visualized on 2% agarose gel with GelView (Invitrogen TM ) staining. Purified PCR products were sequenced in both directions using an ABI BigDye 3.1 Terminator Cycle Kit with the same primers and then visualized using an ABI Prism 3130 Automated DNA Sequencer (Applied Biosystems ® ). For amplification and sequencing of accD and rpoC1 we used the primers from the Royal Botanical Garden on the Kew website, for amplification and sequencing of trnH-psbA the primers of Sang et al. (1997) , and for ITS the primers of Sun et al. (1994) . The primer sequences are given in Table 4 .
DATA ANALYSIS
Electrophoretograms were edited and assembled using Sequencher 4.1.4 (Gene Codes Corporation). The assembled sequences were aligned and manually adjusted using BioEdit 7 (Hall, 1999) . Regions of ambiguous alignment and incomplete data at the beginning and end of sequences were excluded from the analyses. Minimum evolution (ME) and maximum parsimony (MP) analyses were done using MEGA v.5 (Tamura et al., 2011) . In the ME method a maximum composite likelihood model was used and the initial tree was obtained by neighbor-joining. The tree inference was made with the close neighbor interchange (CNI) algorithm (Nei and Kumar, 2000) at the search level of 2. In MP the CNI was also applied at the level of 2 and the number of initial trees was 10. The phylogeny was tested both in ME and MP with the bootstrap method (Felsenstein, 1985) with 1000 iterations.
Bayesian inference phylogenetic analyses was done using MrBayes v. 3.1.2 (Hulsenbeck and Ronquist, 2001 ) with the priors set according to the output of jModelTest 0.1.1 (Posada, 2008) . Optimal models of nucleotide substitution for chloroplast and nuclear sequences were selected on the basis of Bayesian information criterion (BIC) results. The parameters of the likelihood model applied for the nuclear region were adequate for a general time reversible model with a gamma-shaped distribution of rates across sites (GTR+Γ), (nst=6). For chloroplast sequences all substitutions had the same rate across sites (nst=1) corresponding to the Felsenstein (1981) model (F81). The MCMC algorithm was run for 1,250,000 generations for ITS and 1,500,000 generations for chloroplast sequences. There were six incrementally heated chains sampling one out of every 100 generations of random trees. The standard deviation of split frequencies (SDSF) was monitored to test when the Markov Chain converged. The generations prior to the point at which SDSF stabilized at a level below 0.01 were discarded as burn-in. The remaining generations were used to construct the Bayesian consensus tree.
Incongruence between the ITS and cpDNA data was assessed by comparing clade support on the consensus trees. For example, if species A was included in clade A with significant bootstrap support based on interference in the ITS region, but resolved as a member of clade B with significant support based on the cpDNA sequences, the phylogenetic trees based on these loci were considered incongruent. To identify incongruence in phylogenetic signals we used the 70% bootstrap criterion. Agreement between the trees obtained by different phylogenetic methods was analyzed in the same way. As another measure of distinctness, the number of fixed nucleotide differences among the representatives of Galeobdolon luteum and the species belonging to Lamium was estimated using the Sites program (Hey and Wakeley, 1997) . The analyzed sequence described as ITS consists of ITS1, ITS2, a sequence for 5.8S rRNA lying between these two spacers, a small fragment of 18S rRNA (27 bp) and 28S rRNA (25 bp). The alignment had a total length of 704 bp. The shortest amplified sequence (662 bp) was found in G. luteum and G. hederacea, and the longest (687 bp) in L. incisum. All indels were found within the spacers. There were 97 parsimony-informative sites within the alignment, only 5 of them within coding regions. The MP method revealed the 150 most parsimonious trees, with a tree length of 156, a consistency index (CI) of 0.792683 and a retention index (RI) of 0.933852.
All three methods generated similar trees with G. luteum forming a well-supported clade (Fig. 1) . Bayesian inference was used to establish the clade credibility value at 1.00, with 98% MP and 92% ME. Clade distinctness was also asserted by the number of fixed nucleotide differences: 20 nucleotide differences, including 15 substitutions and 5 indels, were found between five representatives of G. luteum and the other Lamium species. Five substitutions and 2 indels were observed in the ITS1 region, and 8 substitutions and 3 indels in the ITS2 region. Three substitutions were observed within the genes coding for 5.8S rRNA. The detected indels had the length of 1-3 nucleotides. The remaining species of the genus Lamium formed two more fairly well-supported clades (Fig. 1) . These results mean that an ITSbased tree does not distinguish two sister groups as would be expected in a comparison of two genera.
Two well-supported clades are identified in the G. luteum group: G. luteum subsp. flavidum with G. luteum subsp. montanum, and the nominative subspecies with G. luteum subsp. argentatum (Fig. 1) . It should be noted that subsp. argentatum and montanum have a double number of chromosomes (2n=36), indicating that each clade contains one subspecies with the basic chromosome set and one subspecies with a double number of chromosomes. The division of the subspecies into two clades was confirmed by a high number of fixed substitutions (no indels were found). On average there were 9.25 pairwise differences between the taxa from the two clades, and much fewer within-clade pairwise differences. G. luteum subsp. galeobdolon and G. luteum subsp. argentatum differed by only 2 substitutions, and G. luteum subsp. flavidum differed from G. luteum subsp. montanum by 3.
CHLOROPLAST DNA
The amplified fragment of accD had a total length of 324 bp and revealed 23 variable sites. The alignment was also 324 bp long, as there were no indels in the analyzed gene fragment. The amplified partial sequence of rpoC1 had a total length of 701 bp. There were no differences in the length of the sequence between the analyzed species. The length of the trnH-psbA spacer ranged from 232 bp in L. album to 279 bp in G. luteum and 341 bp in G. hederacea. The alignment had a total length of 351 bp. Within the three analyzed chloroplast regions there were 57 parsimony-informative sites altogether: 5 for accD, 15 for rpoC1 and 37 for the trnH-psbA spacer. The maximum parsimony method applied to all the three chloroplast regions resulted in 1117 most parsimonious trees of 141 steps, with CI=0.885714 and RI=0.963470.
Analyses of chloroplast regions carried out by the MP method and Bayesian interference produced trees of similar topology. In both trees, representatives of the G. luteum species were grouped in a fairly well-supported clade (0.74 credibility value and 58% bootstrap support), but the analyzed clade was not distinguished from the Lamium species. The tree developed based on cpDNA data points to a close relationship between G. luteum and Lamium. A close relationship between G. luteum and L. album was determined by Bayesian inference (credibility value 0.81) (Fig. 2) . The results delivered by the ME method did not contribute to the analysis of phylogenetic relationships within the species because clade support was too weak and the consensus tree was full of polytomies. A strong phylogenetic signal is visible only in a few instances (Fig. 2) .
The analysis of the polymorphic sites of G. luteum and the remaining Lamium species did not include L. album because high genetic similarity between species sharing the same clade could understate the result. Despite exclusion of L. album, only three fixed nucleotide differences were found. The differences were substitutions within the trnHpsbA spacer. In the cpDNA phylogram, the division of G. luteum subspecies into two groups was less clear (Fig. 1) . Only the clade comprising subsp. galeobdolon and argentatum was well supported (credibility value 0.96). G. tuberiferum (Makino) C.Y. Wu (Govaerts et al., 2010) . Based on an analysis of morphological features, Ryding (in Harley et al., 2004) suggested that those East Asian species are more likely to belong to the genus Matsumurella rather than Lamium or Galeobdolon. According to Ryding, their distinctive features are prominent and rounded lateral corolla lobes vs. triangular acute or short acute lobes in Lamium (and Galeobdolon). Ryding's findings indicate that the analyzed groups are distinguished by a single morphological feature, indicating significant morphological similarity. Ryding's assertion was supported by Bendiksby et al. (2011a) , who analyzed the molecular tree based on chloroplast sequences (matK, rps16, trnL, trnL-F) and concluded that the 'Matsumurella group' is extraneous to Lamium and Lamiastrum. The presented arguments were strong enough to justify transferring those species to the genus Matsumurella.
Identification of G. luteum is based on three main morphological features distinguishing it from Lamium species: yellow color of the corolla in Galeobdolon vs. purple, pink or white in Lamium; the presence of three lobes of roughly equal size in the corolla's lower lobe (Galeobdolon) vs. one welldeveloped lobe with or without small lateral lobes (Lamium); and triangular or oblong shape of lobes (Galeobdolon) vs. obcordate or broadly obovate lower lip (Lamium) (Sychowa, 1967; Ball, 1972; Szafer et al., 1986; Rutkowski, 2011) (Fig. 1) . It is debatable whether those key features are enough to place them in separate genera. Opinions are divided, and taxonomists take different approaches to the problem. However, it seems that the morphological differences between Galeobdolon and Lamium are even more extensive than those distinguishing Lamium from Matsumurella. In our molecular study this morphological distinctiveness between genera was not confirmed by their genetic distance.
Our analysis of cpDNA sequences (Fig. 2) did not reveal significant differences between G. luteum and the dead-nettle species, and confirmed the results from other studies investigating the chloroplast genome (Kaufmann and Wink, 1995; Sheen et al., 2010; Bendiksby et al., 2011b) which found close relationships between the genera Lamium and Galeobdolon. Sheen et al. (2010) proposed to group the two genera with Wiedemannia as part of the tribe Lamieae, and some of the same researchers made them part of the genus Lamium in a subsequent paper (Bendiksby et al., 2011a) .
In an analysis of nuclear data (NRPA2 gene and 5S-NTS), Bendiksby et al. (2011b) demonstrated that G. luteum is distinct. Their study indicates that G. luteum forms a sister group with a strongly supported clade comprising the remaining Lamium species, and that Lamium forms a monophyletic group regardless of whether G. luteum is included.
Such a clear distinction between the genera was not found in our analysis of the nuclear region because dead-nettle taxa do not form a monophyletic clade.
In view of the observed incongruence between genomes, we conclude that our findings support continued separation of Yellow Archangel from the Lamium species. However, the separation is not so well supported by our cpDNA analysis. The chloroplast genome has a lower rate of evolution than the nuclear genome (Wolfe et al., 1987) , since the vast majority of cpDNA genomes have lower rates of nucleotide substitution and gene rearrangement (Avise, 1994) . The divergence of phylogenetic lines is easier to observe in nuclear genomes.
Our genetic analyses indicate that G. luteum is not genetically distant enough from Lamium to qualify as a separate genus. This study seems to validate the approach of taxonomists who include Yellow Archangel in the genus Lamium. The proposal to raise the four G. luteum subspecies to the rank of separate species is not supported by molecular analysis. The division of those subspecies into two groups, based on analyses of different DNA regions (Bendiksby et al., 2011b) , suggests that the studied polyploid species have the following origin: G. luteum subsp. argentatum evolved from G. luteum subsp. montanum, and G. luteum subsp. flavidum evolved from G. luteum subsp. galeobdolon. Further work is needed to verify this hypothesis.
